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Introduction {#sec005}
============

Inflammation plays a key role in the pathogenesis of acute lung injury (ALI) and its severe form acute respiratory distress syndrome (ARDS) \[[@pone.0160359.ref001]\]. Direct or indirect injury to the lung such as pneumonia, trauma, or sepsis, can cause pulmonary inflammation \[[@pone.0160359.ref001]\]. It is suggested that dysregulated and excessive inflammatory response may trigger a large number of activated inflammatory cells infiltrate in the lung and release cytokines, proteinases, and reactive oxygen species (ROS) \[[@pone.0160359.ref001], [@pone.0160359.ref002]\]. These factors enhance alveolar-capillary permeability, leading to exudation of the blood component into the alveolar space and pulmonary edema \[[@pone.0160359.ref003]\], resulting in refractory hypoxemia and high mortality which are the hallmark feature of ALI/ARDS \[[@pone.0160359.ref001]\]. Thus, novel strategies for the treatment of ALI/ARDS are desirable.

Soluble epoxide hydrolase (sEH) is a bifunctional homodimeric enzyme with both C-terminus epoxide hydrolase and N-terminus phosphatase activity \[[@pone.0160359.ref004]\]. The epoxide hydrolase motif of sEH transforms epoxyeicosatrienoic acids (EETs), an endogenous anti-inflammatory mediator, to the corresponding dihydroxyeicosatrienoic acids (DHETs) \[[@pone.0160359.ref004]\]. It has been reported that 14, 15-EET enhanced biosynthesis of 15-epi-lipoxin A (4) an anti-inflammatory and pro-resolving mediator \[[@pone.0160359.ref005]\]. Inhibition of sEH may lead to elevated levels of EETs, which in turn could elicit anti-inflammatory effects \[[@pone.0160359.ref006]\]. Meanwhile, in addition to its sEH inhibitory properties, inhibitors of sEH have now been proved to possess other anti-inflammatory activities. Inhibition of sEH attenuates bleomycin-induced mouse pulmonary fibrosis by reduce pulmonary inflammation and collagen deposition \[[@pone.0160359.ref007]\]. Roche and coworkers reported that sEH inhibitors (t-AUCB) increased the expression of IκB, the inhibitor of NF-κB, in an animal model of diabetic nephropathy \[[@pone.0160359.ref008]\]. However, it remains unknown whether sEH inhibitors have any protective effects on ALI. The present study was conducted to test the hypothesis that AUDA (12-(3-adamantan-1-yl-ureido)-dodecanoic acid), a sEH inhibitor, attenuates LPS-induced ALI. We also investigate its potential mechanism.

Methods {#sec006}
=======

Experimental Protocol {#sec007}
---------------------

Healthy male BALB/c mice (17--20 g, 6 to 8-week-old) were purchased from Yangzhou University. The mice were housed separately and maintained on a 12 h light/ 12 h dark schedule in a specific pathogen-free environment and received standard laboratory rodent chow *ad libitum*. To minimize the suffering of mice during experiments, all operations were performed under anesthesia. The mice were randomly divided into various groups: control group, vehicle group, and AUDA group. Animals were anesthetized by intraperitoneal injection of carbrital (20 mg/kg). Then, ALI was induced by 50 μl of lipopolysaccharide (LPS, Sigma, St. Louis, MO, USA.) intratracheal instillation as described previously \[[@pone.0160359.ref009]\]. LPS was dissolved in sterilized phosphate buffered saline (PBS) at 10 mg/ml before use. Equivalent PBS was administrated for control group. Four hours after LPS or PBS challenge, AUDA (10 mg/kg) or vehicle (2-hydroxypropyl)-bcyclodextrin (Sigma, St Louis, MO, USA) (200 μl/mouse) intraperitoneal injection was performed. The dose of AUDA selected in the present study was based on a previously published article \[[@pone.0160359.ref010]\]. Before use, AUDA was dissolved in (2-hydroxypropyl)-bcyclodextrin at 5 mg/ml \[[@pone.0160359.ref010]\]. AUDA was synthesized as described previously \[[@pone.0160359.ref011]\]. To investigate the effect of AUDA on pulmonary microvascular albumin-permeability, we performed the Evan's blue (EB) (50 μg/g) dye technique 30 min prior to sacrifice as previously described \[[@pone.0160359.ref012]\]. EB content in lung tissues was measured spectrophotometrically and calculated (μg EB/g lung/min) after sacrifice. Twenty-four hours after LPS or PBS challenge, mice in each group were sacrificed by cervical dislocation and exsanguinated by cutting the vena cava inferior for tissue and blood sampling. Blood sampling was examined immediately by a blood gas analyzer (FM-7700 Blood Gas Electrolyte Analyzer, Anhui, China). We investigated oxygenation by calculated the partial pressure of arterial oxygen (PaO~2~)/fraction of inspiration O~2~ (FiO~2~) ratio (at twenty-four h after LPS or saline challenge). As the animals were housed in a room with normal atmosphere, we set the FiO~2~ as 0.21. Lung tissue sampling was homogenized in PBS on ice to make the 10% pulmonary homogenate, and stored at −70°C for further analysis. All experiments were performed according to the guidelines for the care and use of animals as established by the Animal Ethics Committee of Yangzhou University. The animals used for our study protocol was approved by the Animal Ethics Committee of Yangzhou University.

Histological Examination {#sec008}
------------------------

For immediate fixation, the lung specimen was submerged in 10% formalin, then, dehydrated in alcohol, and later embedded in paraffin. The fixed tissue block was then sectioned at a thickness of 5 μm, floated on warm water, and transferred to glass slides. The lung section was stained with H&E and examined with light microscopy. The Murakami technique \[[@pone.0160359.ref013]\], which is based on the following histologic features: edema, congestion, infiltration of inflammatory cells, and hemorrhage, was employed to grade the degree of lung injury by two blinded examiners. Each feature was graded as: 0, absent and appears normal; 1, light; 2, moderate; 3, strong; 4, intense. A total score was calculated for each animal.

Myeloperoxidase Activity Analysis {#sec009}
---------------------------------

Myeloperoxidase (MPO) activities, the indicator of neutrophil accumulation, in lung homogenates were measured according to the manufacturers' instructions (R&D Systems Inc., Minneapolis, MN, USA) and calculated from the absorbance changes resulting from decomposition of hydrogen peroxide in the presence of odianisidine.

Measurement of Inflammatory Mediator Levels {#sec010}
-------------------------------------------

The levels of monocyte chemoattractant protein (MCP)-1 and tumor necrosis factor (TNF)-α in pulmonary tissue were determined by using ELISA kits (R&D Systems Inc, Minneapolis, MN, USA) according to the manufacturers' manual.

NF-κB Binding Assay {#sec011}
-------------------

The DNA-binding activity of NF-κB p65 was determined using an ELISA-based NF-κB p65 transcription factor assay kit (Active Motif North America) according to the manufacturers' manual.

EETs Measurement and sEH Activity Analysis {#sec012}
------------------------------------------

The levels of EETs and sEH activity in lung homogenates were measured using a 14, 15-EET/DHET ELISA kit (Detroit R&D, Michigan, USA) according to the manufacturers' manual. An indirect method was used to detect the levels of EETs. Briefly, using the 14, 15-DHET ELISA kit to measure DHET (value 1), which includes DHET converted from EET. At the same time, measure the DHET level without hydrolysis of EET in the same sample (value 2). The EET level in the sample could be calculated by subtract value 2 from value 1. The sEH activity was also measured by an indirect method as follows. In brief, cytosol was extracted from frozen lung tissue with a cytosol extraction kit (BioVision, CA, USA). 50μl cytosol was added to 100μl of 1X sample dilution buffer incubated for 1 h with shaking at room temperature. 14, 15-EET was added to a final concentration of 1uM and incubation at 37°C for 30 min. Then, 100μl of media was transferred to the 14, 15-DHET ELISA plate. 14, 15-DHETs were quantified by use of a 4000 QTRAP tandem mass spectrometer at 450nm (Applied Biosciences).

Statistical Analyses {#sec013}
--------------------

All data were analyzed with SPSS 17.0 (IBM, Armonk, USA). Data were presented as mean±SEM. Statistical significance between different groups was carried out using one-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls method. The histopathologic scores were carried out using Kruskal-Wallis one-way analysis of variance on ranks and the Student-Newman-Keuls method. P value less than 0.05 was considered to be statistically significant.

Results {#sec014}
=======

Effects of AUDA on ALI {#sec015}
----------------------

Pulmonary microvascular albumin-permeability that measured by the Evan's blue dye technique, and PaO~2~/ FiO~2~ ratio were significantly improved by AUDA treatment at twenty-four h after LPS challenge ([Fig 1A and 1B](#pone.0160359.g001){ref-type="fig"}). LPS challenge dramatically increased pulmonary MPO activities, while this effect was remarkably attenuated by AUDA administration (P\<0.05; [Fig 1C](#pone.0160359.g001){ref-type="fig"}). The lung injury score was significantly improved in AUDA-treated groups compared with vehicle group (P\<0.05; Figs [2](#pone.0160359.g002){ref-type="fig"} and [3C](#pone.0160359.g003){ref-type="fig"}).

![Alterations of pulmonary microvascular albumin-permeability (a), or the partial pressure of arterial oxygen (PaO~2~)/fraction of inspired O~2~ (FiO~2~) ratio (b), myeloperoxidase (MPO) activity (c) of control or lung injury animals treated with vehicle or AUDA 24 h after lipopolysaccharide (LPS) or phosphate buffered saline (PBS) challenged. Data are expressed as the mean±SEM (n = 6\~8) and compared by one-way analysis of variance and the Student-Newman-Keuls method. \* P\<0.05 when compared with control group; \# P\>0.05 when compared with control group; † P\<0.05 when compared with vehicle group.](pone.0160359.g001){#pone.0160359.g001}

![Morphologic alterations of the lungs were determined by photomicrography (400× magnification).\
Infiltration of neutrophils and pulmonary septal widening were presented in lipopolysaccharide (LPS) +vehicle group 24 h after LPS challenged. These changes were improved in AUDA treated group.](pone.0160359.g002){#pone.0160359.g002}

![Alterations of monocyte chemoattractant protein (MCP)-1 levels (a), or tumor necrosis factor (TNF)-α levels (b), and histopathologic scoring (c) in control or lipopolysaccharide (LPS)-challenged animals treated with vehicle or AUDA. Data are expressed as the mean±SEM (n = 6\~8) and compared by one-way analysis of variance and the Student-Newman-Keuls method or Kruskal-Wallis one-way analysis of variance on ranks and the Student-Newman-Keuls method. \* P\<0.05 when compared with control group; \# P\>0.05 when compared with control group; † P\<0.05 when compared with vehicle group. PBS, phosphate buffered saline.](pone.0160359.g003){#pone.0160359.g003}

Effects of AUDA on Pulmonary Inflammatory Mediators Levels {#sec016}
----------------------------------------------------------

The effects of AUDA on MCP-1 and TNF-α level were measured by using ELISA. Compared to control group, the levels of MCP-1 and TNF-α were increased by 12.8-fold (P\<0.05; [Fig 3A](#pone.0160359.g003){ref-type="fig"}) and 5.3-fold (P\<0.05; [Fig 3B](#pone.0160359.g003){ref-type="fig"}), respectively, in vehicle group. The pulmonary MCP-1 and TNF-α levels were markedly reduced in AUDA treated group (P\<0.05; [Fig 3A and 3B](#pone.0160359.g003){ref-type="fig"}).

Effects of AUDA on EETs and sEH Activities {#sec017}
------------------------------------------

LPS markedly reduced the EETs levels ([Fig 4A](#pone.0160359.g004){ref-type="fig"}). The AUDA treated group had significantly increased EETs levels compared with the vehicle group ([Fig 4A](#pone.0160359.g004){ref-type="fig"}). The activity of sEH was much greater in vehicle group compared with control group (P\<0.05; [Fig 4B](#pone.0160359.g004){ref-type="fig"}); the LPS-induced elevation of sEH activities was significantly reduced in AUDA treated group. In PBS challenged group, AUDA reduced sEH activity but showed no statistically significant effects ([Fig 4B](#pone.0160359.g004){ref-type="fig"}).

![Alterations of epoxyeicosatrienoic acids (EETs) (a), or soluble epoxide hydrolase (sEH) activity (b), and nuclear factor (NF)-κB activity (c) in control or lipopolysaccharide (LPS)-challenged animals treated with vehicle or AUDA. Data are expressed as the mean±SEM (n = 6\~8) and compared by one-way analysis of variance and the Student-Newman-Keuls method. \* P\<0.05 when compared with control group; \# P\>0.05 when compared with control group; † P\<0.05 when compared with vehicle group. PBS, phosphate buffered saline.](pone.0160359.g004){#pone.0160359.g004}

Effects of AUDA on NF-κB Binding Activity {#sec018}
-----------------------------------------

LPS significantly induced NF-κB DNA-binding activity in vehicle group compared with control group (P\<0.05; [Fig 4C](#pone.0160359.g004){ref-type="fig"}); the NF-κB DNA-binding activity was remarkably reduced in AUDA treated group (P\<0.05; [Fig 4C](#pone.0160359.g004){ref-type="fig"}).

Discussion {#sec019}
==========

LPS triggered pulmonary edema, deteriorated oxygenation, and infiltration of inflammatory mediators are present in vehicle-treated group. These injuries are associated with decreased levels of EETs in the pulmonary tissues. Treatment of the AUDA markedly increases EETs levels and offers a protective role against LPS-induced ALI in mice. Furthermore, our result suggests that the beneficial effect of AUDA, in addition to inhibit sEH, may partly associate with inhibition of NF-κB pathway.

sEH is suggested as a vital pharmacologic target for inflammation \[[@pone.0160359.ref014]\]. EETs are the substrate of sEH \[[@pone.0160359.ref015]\]. The anti-inflammatory feature of EETs is well defined in a number of studies \[[@pone.0160359.ref016]--[@pone.0160359.ref018]\]. Compared with vehicle-treated group, AUDA treatment markedly increased the level of EETs. And improved lung injury was detected in AUDA treated group that with significantly elevated EETs. Thus, it seems that EETs plays an important effect in the pathophysiological functions of lungs. It has been reported that EETs can inhibit inflammatory cells activation and adhesion to the vascular wall, and the anti-inflammatory effect of EETs may be mediated via inhibition of NF-κB pathway \[[@pone.0160359.ref017]\]. Evidence has shown that endotoxin-induced activation of NF-κB signaling pathway, chemokine and cytokine expression, and neutrophil infiltration was significantly dampened in sEH gene deficiency mice \[[@pone.0160359.ref018]\]. sEH inhibition can reduce bleomycin-induced pulmonary inflammatory cells infiltration and interleukin (IL)-1β and IL-6 levels in the serum \[[@pone.0160359.ref007]\].

Considerable evidence has indicated that NF-κB activation is a logical therapeutic target for ALI \[[@pone.0160359.ref019], [@pone.0160359.ref020]\]. In the present study, the DNA-binding activity of NF-κB p65, an indicator of NF-κB activation, was significantly inhibited in AUDA treated group compared with vehicle. This result suggested a potential effect of AUDA on inhibition of NF-κB activation. However, its potential mechanisms are not well defined. Roche and coworkers reported that sEH inhibitors (t-AUCB) increased the expression of IκB, the inhibitor of NF-κB, in an animal model of diabetic nephropathy \[[@pone.0160359.ref008]\]. Normally, NF-κB is sequestered in the cytoplasm and binding with its inhibitor IκB. When cells are stimulated by LPS, the IκB is phosphorylated, result in NF-κB freed from association with it, then, NF-κB moves to the nucleus and binds to specific genes sequences in the promoter/enhancer regions \[[@pone.0160359.ref021], [@pone.0160359.ref022]\]. Inhibition of NF-κB pathway prevents multiple proinflammatory gene expression \[[@pone.0160359.ref023]\]. In our study, the inhibition of NF-κB activation was accompanied with reduced levels of TNF-α and MCP-1. And the reduced proinflammatory cytokines levels may contribute to the dampened pulmonary inflammation and injury. Thus, the protective effect of AUDA on LPS-induced ALI may, partly, mediate through inhibition of NF-κB.

Conclusions {#sec020}
===========

Administration of AUDA after the onset of LPS-induced ALI increased pulmonary levels of EETs, ameliorated lung injury. sEH is a potential pharmacologic target for ALI.
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